INTRODUCTION
The accumulation of synaptic vesicles at the nerve terminal enables the sustained release of neurotransmitter in response to persistent stimulation. However, not all synaptic vesicles contribute equally to evoked release. At most synapses, only a fraction of the synaptic vesicles present take up external tracers with stimulation, and this fraction has been termed the recycling pool (Harata et al., 2001; Rizzoli and Betz, 2005) . Even after prolonged stimulation, a large proportion of synaptic vesicles at most boutons do not undergo exocytosis (Fernandez-Alfonso and Ryan, 2008) , and the properties of this resting pool have remained elusive.
What accounts for the inability to release a large fraction of the synaptic vesicles at a presynaptic bouton? Resting pool vesicles may simply reside too far from the active zone, although previous work has shown that they intermingle with the recycling pool (Rizzoli and Betz, 2004) . Differences in tethering to the cytoskeleton may influence vesicle mobilization by activity, and a number of proteins associated with the cytoskeleton, such as the synapsins, have been shown to influence release (Chi et al., 2001; Fenster et al., 2003; Leal-Ortiz et al., 2008; Takao-Rikitsu et al., 2004) . Recent work has also suggested a role for regulation of the recycling pool by cyclin-dependent kinase 5 (cdk5) (Kim and Ryan, 2010) . Consistent with a role for extrinsic factors in pool identity, synaptic vesicles within a single bouton generally appear homogeneous, and multiple synaptic vesicle proteins localize in similar proportions to recycling and resting pools (Fernandez-Alfonso and Ryan, 2008) . Alternatively, intrinsic differences in molecular composition may account for the distinct behavior of recycling and resting pool vesicles. Previous work has indeed shown that synaptic vesicles recycle by multiple mechanisms (Glyvuk et al., 2010; Newell-Litwa et al., 2007; Takei et al., 1996; Zhang et al., 2009) , raising the possibility that these pathways produce vesicles with different proteins.
Synaptic vesicles can recycle through an endosomal intermediate (Heuser and Reese, 1973; Hoopmann et al., 2010) as well as directly from the plasma membrane, through clathrin-dependent endocytosis (Takei et al., 1996) . Synaptic vesicle formation from endosomes depends on the endosomal heterotetrameric adaptor proteins AP-3 and possibly AP-1 (Blumstein et al., 2001; Faú ndez et al., 1998; Glyvuk et al., 2010) rather than the related but distinct plasma membrane clathrin adaptor AP-2 (Di Paolo and De Camilli, 2006; Kim and Ryan, 2009) . Although these pathways are all considered to generate the same synaptic vesicles, blocking the AP-1/3 pathway increases transmitter release at hippocampal synapses as well as at the neuromuscular junction (Polo-Parada et al., 2001; Voglmaier et al., 2006) , suggesting diversion of synaptic vesicle components from a pathway that produces vesicles with a low probability of release to one that generates vesicles with a higher release probability. AP-3 (and AP-1) may therefore produce synaptic vesicles of the resting pool, and AP-2 vesicles of the recycling pool (Voglmaier and Edwards, 2007) . This hypothesis predicts that since many synaptic vesicle proteins target in similar proportions to recycling and resting pools, they should use both AP-2 and AP-3 pathways. However, it also predicts that a protein preferentially dependent on one of these pathways should target more specifically to one of the pools and so differ from other synaptic vesicle proteins in its response to stimulation.
RESULTS
To identify proteins that might depend more specifically on AP-3 for sorting to synaptic vesicles, we relied on observations made using AP-3-deficient mocha mice (Kantheti et al., 1998) . Mocha mice show only a mild alteration in short-term synaptic plasticity, with no obvious reduction in the number of synaptic vesicles, or the localization of most synaptic vesicle proteins (Voglmaier et al., 2006; Vogt et al., 2000) . However, a subset of synaptic vesicle proteins depend strongly on AP-3 for localization to synaptic vesicles. These include the zinc transporter ZnT3 and the tetanus toxin-insensitive vesicle-associated membrane protein (TI-VAMP or VAMP7), a v-SNARE implicated in membrane fusion (Kantheti et al., 1998; Salazar et al., 2004; Scheuber et al., 2006) . We hypothesize that as proteins specifically dependent on AP-3, ZnT3 and VAMP7 may target to synaptic vesicles of the resting pool, and therefore with a low probability of release.
VAMP7-pHluorin Preferentially Labels Synaptic Vesicles Unresponsive to Stimulation
To assess the availability of VAMP7 for regulated exocytosis, we fused the short, lumenal C terminus of VAMP7 to the modified green fluorescent protein ecliptic pHluorin (Alberts et al., 2006) . Shifted in its pH sensitivity relative to GFP, pHluorin exhibits essentially complete fluorescence quenching at the low pH inside synaptic vesicles (Miesenbö ck et al., 1998; . The fluorescence of pHluorin thus increases with exocytosis due to the increase in pH that accompanies exposure at the cell surface. The reacidification that rapidly follows endocytosis in turn results in fluorescence quenching, and alkalinization of the nerve terminal with a permeant weak base reveals the total pool of fluorescent protein. Transfected into hippocampal neurons, VAMP7-pHluorin colocalizes partially with the endogenous synaptic vesicle proteins SV2 and VAMP2 (Figure S1A available online), consistent with previous work localizing VAMP7 to synaptic vesicles as well as other endosomal membranes Salazar et al., 2006; Scheuber et al., 2006) . Alkalinization with the permeant weakbase NH 4 Cl increases the fluorescence of VAMP7-pHluorin ( Figures 1A and 1B) , confirming expression within an acidic, intracellular compartment, and determination of the lumenal pH using the pHluorin fusions (Mitchell and Ryan, 2004) shows no difference between vesicles containing VGLUT1 and VAMP7 at synaptic sites ( Figure S1B ). The surface fraction of VAMP7-pHluorin is higher than for VGLUT1 ( Figure S1C ), but this does not reflect overexpression ( Figure S1D ), and previous work has shown a similar surface fraction for endogenous as well as transfected synaptic vesicle proteins VAMP2 and synaptotagmin 1 (Dittman and Kaplan, 2006; Ferná ndez-Alfonso et al., 2006; Wienisch and Klingauf, 2006) . Field stimulation increases the fluorescence of VAMP7-pHluorin at several boutons ( Figure 1B) , further supporting the localization of at least a fraction of VAMP7 to synaptic vesicles. However, identifying boutons simply based on their response to stimulation may exclude others that do not respond, even if they express VAMP7-pHluorin. On the other hand, identifying sites of intracellular VAMP7-pHluorin accumulation using NH 4 Cl will not discriminate between presynaptic and other sites where VAMP7 is known to localize (Coco et al., 1999) .
To identify presynaptic boutons in an unbiased manner, we used an internal ribosome entry site to coexpress a monomeric form of the fluorescent Cherry protein (Shaner et al., 2004) fused to the synaptic vesicle protein synaptophysin (syp-mCherry). Syp-mCherry exhibits 78% ± 7% colocalization with endogenous SV2, 93% ± 4% with endogenous VAMP2, and 90% ± 4% with endogenous VAMP7 ( Figure S2A ). Identifying presynaptic boutons by mCherry fluorescence, alkalinization in NH 4 Cl reveals variable amounts of VAMP7-pHluorin at essentially all sites ( Figures 1A and 1B) , and after normalization to the total internal VAMP7-pHluorin, the response to stimulation is in fact quite small (Figures 1B and 1C) . In contrast, VGLUT1-pHluorin shows a much larger response to stimulation at synapses identified in the same way ( Figure 1C) .
Differences in the response of VAMP7 and VGLUT1 pHluorin fusions to stimulation could reflect differences in either exocytosis or endocytosis. VAMP7 undergoes endocytosis more slowly than VGLUT1 after the stimulus ( Figures 1C and 1D ), but increased endocytosis during the stimulus might reduce the response of VAMP7-pHluorin to stimulation. To assess this possibility, we used the vacuolar H + -ATPase inhibitor bafilomycin, which prevents the reacidification and quenching of pHluorin that follows endocytosis. In the presence of bafilomycin, the response to stimulation thus reflects only exocytosis. We found that even in the presence of bafilomycin, stimulation at 10 Hz for 60 s produces a much larger increase in fluorescence of VGLUT1-pHluorin than of VAMP7-pHluorin ( Figure 2A ). Normalization to the total intracellular pool of pHluorin fusion revealed by NH 4 Cl shows that average recycling pool size is indeed much larger for VGLUT1 than for VAMP7 ( Figure 2B ). To compare a protein structurally similar to VAMP7, we also analyzed the v-SNARE VAMP2 and observed a much larger recycling pool for VAMP2-than VAMP7-pHluorin, consistent with a previous report (Fernandez-Alfonso and Ryan, 2008) . The distribution of recycling pool size also differs markedly between VAMP7 and the other proteins, with many boutons showing little or no evoked response by VAMP7-pHluorin but very few if any boutons showing no evoked response by VGLUT1-or VAMP2-pHluorin ( Figure 2C ). The use of syp-mCherry expression to identify boutons in an unbiased way makes it unlikely that the distinct behavior of VAMP7 reflects expression at a subset of synapses. The hippocampal cultures contain predominantly excitatory synapses (85% ± 3%), but transfected syp-mCherry localizes to both excitatory and inhibitory synapses in the same proportions ( Figures S3A and S3B ), further excluding bias in the selection of boutons. Importantly, endogenous VAMP7 also occurs in both synapse types (Figures S3C and S3D) . To determine whether differences in recycling pool size might simply reflect differences in expression of the two proteins, we also analyzed recycling pool size as a function of total pHluorin reporter assessed in NH 4 Cl. Figure 2D shows that the difference between VGLUT1 and VAMP7 in recycling pool size persists over a wide range of expression levels.
To determine whether the expression of VAMP7 might itself change recycling pool size, we used the styryl dye FM4-64 to assess release at synapses with and without VAMP7-pHluorin. Despite the reduced availability of VAMP7 for regulated exocytosis relative to VGLUT1 and other synaptic vesicle proteins including VAMP2 ( Figures 2B and 2C ), we found that the expression of VAMP7 does not affect either the rate or the extent of FM4-64 destaining ( Figure 3A) . At boutons expressing transfected VAMP7, synaptic vesicles thus appear to cycle normally. In addition, cotransfection of untagged VAMP7 does not affect the proportion of VGLUT1 in the recycling pool ( Figure 3B) , and 86% ± 5% of VGLUT1-pHluorin + boutons also express the transfected VAMP7 ( Figure S2B ). Further, the average time constant for exocytosis (t exo ) and the distribution of t exo show no difference between VAMP7 and VGLUT1 ( Figure 3C ), suggesting that the VAMP7 that does respond to stimulation resides on the same synaptic vesicles expressing VGLUT1 and that the overexpression of VAMP7 does not influence their exocytosis. Consistent with this, the rates of evoked VAMP7 and VGLUT1 exocytosis show similar sensitivity to a range of external Ca 2+ concentrations ( Figure 3D ). Although a proportion of VAMP7 localizes to the recycling pool of synaptic vesicles, a much larger proportion does not. Indeed, boutons with little or no response by VAMP7 show a normal response in terms of FM dye destaining and VGLUT1 exocytosis ( Figures 3A and 3B ), indicating that vesicle composition as well as behavior varies within a single bouton. VAMP7 also localizes to endosomal and lysosomal membranes at the cell body and dendrites, but it has been found to reside only on synaptic vesicles at boutons Salazar et al., 2006; Scheuber et al., 2006) , where we analyzed the data. We further confirm the localization of endogenous VAMP7 to membranes that behave like synaptic vesicles by both gradient fractionation and immunoisolation ( Figure S4A-S4C (C) Normalized to total internal pHluorin detected in NH 4 Cl, VAMP7 (red circles) shows more quenching at low external pH (5.5) than VGLUT1 (black circles), indicating a high surface fraction of VAMP7 (see also Figures S1C and S1D ). In addition, VAMP7-pHluorin responds more weakly to stimulation than VGLUT1-pHluorin, and the recovery in fluorescence after stimulation is both delayed and incomplete. Since the VAMP7-pHluorin signal persistent after stimulation can be quenched by external MES buffer at pH 5.5, it reflects a delay in endocytosis rather than acidification. n = 144 boutons from 3 coverslips for each construct. (D) Analyzed by both cumulative frequency distribution and a direct comparison of the means (inset), the time constant for endocytosis after stimulation (t endo ) is significantly slower for VAMP7-pHluorin than for VGLUT1-pHluorin. ***p < 0.001; n = 5 coverslips containing a total of 289 boutons for VGLUT1 and 102 boutons for VAMP7. Error bars indicate SEM. See also Figure S1 .
possible that overexpression may result in mislocalization of VAMP7 to endosomes or lysosomes at presynaptic sites, and hence an apparent reduction in recycling pool size. To address this possibility, we expressed VAMP7 and VAMP2 as control fused at their lumenal C-termini to horseradish peroxidase (HRP) (Leal-Ortiz et al., 2008) . Localization of HRP within vesicles prevents diffusion of the HRP reaction product and thus unambiguously labels the VAMP7 + or VAMP2 + population. Both VAMP7-and VAMP2-HRP indeed label only a subset of synaptic vesicles that intermingle with unlabeled vesicles ( Figure 4A ). In both cases, the HRP reaction product accumulates in small, round vesicles with the same diameter as unlabeled vesicles (Figures 4B and 4C) , and not within any other compartment at or adjacent to the nerve terminal. Thus, VAMP7 localizes to membranes morphologically indistinguishable from synaptic vesicles.
Resting and Recycling Pool Vesicles Both Undergo Spontaneous Release
Resting pool vesicles do not apparently respond to field stimulation, but do they have the capacity for exocytosis under other circumstances? Previous work has suggested that evoked and spontaneous release may derive from distinct vesicle populations (Chung et al., 2010; Fredj and Burrone, 2009; Sara et al., 2005) (but see also (Groemer and Klingauf, 2007; Hua et al., 2010; Wilhelm et al., 2010) . This predicts that as a protein enriched in the resting (and hence unresponsive) pool of synaptic vesicles, VAMP7 may undergo more spontaneous release than VGLUT1. To test this possibility, we used an optical assay for spontaneous release. Like bafilomycin, the H + -ATPase inhibitor folimycin prevents the reacidification of vesicles that have undergone exocytosis. However, folimycin is less cell permeant than bafilomycin, reducing its access to intracellular vesicles that have not undergone exocytosis (Atasoy et al., 2008) . In the presence of folimycin and tetrodotoxin (TTX), the increase in fluorescence of VGLUT1-and VAMP7-pHluorin should thus reflect spontaneous release ( Figure 5A ). This increase in fluorescence is not due to leakage of folimycin into the neurons and alkalinization of vesicles that have not undergone exocytosis because it is greatly reduced by the high-affinity, cell-permeant calcium chelator BAPTA-AM ( Figure S5A ), consistent with the known calcium dependence of spontaneous release (Wasser and Kavalali, 2009) . Using this assay, we find that VAMP7 undergoes substantial spontaneous exocytosis (expressed as a fraction of total intracellular stores), and the rate exceeds that of VGLUT1 ( Figures 5A and 5B). Spontaneous release is quite heterogeneous across different boutons but does not correlate with the level of reporter expression ( Figure S5B ), further excluding a role for mislocalization of overexpressed proteins. Since VAMP7 exhibits higher spontaneous but less evoked release than VGLUT1, spontaneous release cannot simply reflect the size of the recycling pool, suggesting that spontaneous release might derive from the resting pool. Since the pHluorin is large and might interfere with membrane trafficking, we have also used an alternative approach to monitor evoked and spontaneous exocytosis. There are no available antibodies that recognize the lumenal domain of either VGLUT1 or VAMP7, so we fused a short (ten residue) peptide containing the HA epitope to the lumenal domain of both proteins. Twelve days after transfection, hippocampal cultures were incubated with unlabeled anti-HA antibody to block HA-tagged protein already at the cell surface, then with HA antibody directly conjugated to Alexa 488 to detect protein newly delivered to the plasma membrane ( Figure 5C ). As anticipated, field stimulation at 10 Hz for 2 min greatly increases surface exposure of both VGLUT1-and VAMP7-HA ( Figure 5D ). However, incubation for 20 min in the absence of stimulation also enables detection of spontaneously delivered vesicles containing both VGLUT1 and VAMP7. To assess the total amount of reporter expressed at boutons, we immunostained for HA after fixation and permeabilization, using a secondary antibody conjugated to Alex 635 ( Figures 5C and 5D ). Normalized to total HA-tagged reporter, VGLUT1 shows a strong response to stimulation ( Figure 5E ), consistent with targeting to the recycling pool. In contrast, VAMP7-HA exhibits considerably less response to stimulation. However, both proteins show similar levels of spontaneous release, with spontaneous release of VAMP7 over 20 min approaching that observed after stimulation for 2 min ( Figure 5F ). The analysis by antibody labeling thus supports the preferential targeting of VAMP7 to the resting pool, which undergoes spontaneous release. Although indistinguishable from typical synaptic vesicles by morphology and standard fractionation, the VAMP7 + membranes and by inference the resting pool thus behave like constitutive secretory vesicles.
To characterize the sources of spontaneous release, we determined whether spontaneous release can occlude the effects of stimulation. Using the pHluorin-based reporters, we first measured recycling pool size by stimulation alone (experiment 1). In a separate set of coverslips from the same transfection, we measured spontaneous release for 10 min in the presence Neuron v-SNARE Composition of Synaptic Vesicle Pools of folimycin and glutamate receptor antagonists (experiment 2); TTX can be difficult to wash out, so we used receptor antagonists to eliminate network activity, and the rate of spontaneous release measured this way is similar to that observed with TTX (data not shown). We then stimulated the same cells at 10 Hz for 60 s before adding NH 4 Cl to reveal the entire intracellular pool ( Figure 6A ). If spontaneous release derives solely from the recycling pool, it should reduce the subsequent evoked release so that the cumulative effect of spontaneous and evoked release (experiment 2) equals that observed for evoked release alone (experiment 1, dashed line in Figure 6A ). On the other hand, if spontaneous release derives solely from the resting pool, spontaneous and evoked release should summate (arrowheads) to exceed that observed for evoked release alone. We find that in the case of all three proteins examined, the combined effect of spontaneous and evoked release exceeds the size of the recycling pool but falls short of the fluorescence increase predicted if spontaneous and evoked release were entirely independent, indicating that spontaneous release originates from both recycling and resting pools. In addition, we were surprised to find that VAMP2 as well as VAMP7 shows more spontaneous release than VGLUT1 ( Figures 5B and  6B ). Since VAMP2 resembles VGLUT1 in localization to the recycling pool, the increased spontaneous release of VAMP2 further supports the origin of spontaneous release from both recycling and resting pools. In addition, it is important to note that the spontaneous release observed over 10 min sets only a lower bound for the full extent of spontaneous release. We also used this assay to characterize the mechanism responsible for endocytosis of spontaneously cycling vesicles. As shown previously (Holt et al., 2003; Sankaranarayanan et al., 2003) , the compensatory endocytosis that follows evoked synaptic vesicle release does not depend on actin ( Figure 6C ). In the presence of TTX, however, actin depolymerization with latrunculin A (latA) increases the fluorescence of VAMP7 to the same extent as folimycin ( Figure 6D ). The increased fluorescence in latA could reflect either increased spontaneous release or a block in endocytosis. If latA increases spontaneous release, the inhibition of vesicle reacidification that accompanies endocytosis should further promote the accumulation of VAMP7-pHluorin fluorescence. However, we find that folimycin has no additional effect in the presence of latA ( Figure 6D) . Actin thus appears required for the endocytosis that follows spontaneous but not evoked synaptic vesicle exocytosis.
Cytoplasmic Sequences Target VAMP7 and VGLUT1 to Different Vesicle Pools VAMP7 belongs to the longin subfamily of v-SNAREs containing an N-terminal domain that interacts with trafficking machinery as well as regulating SNARE complex formation (Burgo et al., 2009; Chaineau et al., 2008; Martinez-Arca et al., 2003; Pryor et al., 2008) (Figure 7A ). Indeed, the interaction with adaptor protein AP-3 contributes to the trafficking of VAMP7 . Surprisingly, deletion of the longin domain (VAMP7-ND) does not impair its targeting to synaptic boutons: 96% ± 2% colocalizes with VGLUT1-pHluorin ( Figure S2B ). However, (B) Vesicles expressing VAMP7-pHluorin or VAMP2-pHluorin undergo a higher rate of spontaneous release than those expressing VGLUT1-pHluorin. **p < 0.01, ***p < 0.001. n = 6 coverslips containing a total of 394 boutons for VGLUT1, 332 for VAMP2 and 419 for VAMP7. (C) Hippocampal neurons expressed HA-tagged VGLUT1 or VAMP7 were first incubated with unlabeled mouse anti-HA antibody to block protein already at the cell surface, then labeled with anti-HA conjugated to Alexa 488 by field stimulation at 10 Hz for 2 min or spontaneous uptake in 0.5 mM TTX for 20 min. For control, the spontaneous uptake of HA antibody was measured over 2 min (also in TTX). The cells were then fixed, permeablized, and immunostained for total HA protein using a secondary antibody conjugated to Alexa 635. (D) In neurons expressing VGLUT1-HA, stimulation for 2 min evokes much more uptake of HA antibody than observed spontaneously over 20 min. In contrast, spontaneous exocytosis of VAMP7 approaches that observed with stimulation. Scale bar, 5 mm. (E and F) The extent of cell surface delivery was normalized to total reporter expression. n = 10 fields containing a total of 500 boutons from 3 coverslips of each condition. Bar graphs indicate mean ± SEM. See also Figure S5 . the ND mutation increases the spontaneous exocytosis of VAMP7 ( Figure 7B ). Although loss of the longin domain might simply disinhibit SNARE complex formation, the ND mutation increases both the proportion of VAMP7 in the recycling pool ( Figure 7C ) and the rate of endocytosis ( Figures S6A and S6B ). In addition, overexpression of untagged VAMP7-ND does not affect the proportion of VAMP2-or VGLUT1-pHluorin in the recycling pool ( Figures S6C and S6D) . The ND mutation thus affects at least in part the trafficking of the VAMP7 protein, indicating that the longin domain targets VAMP7 toward the resting pool of synaptic vesicles. Since the longin domain interacts with AP-3 (Martinez-Arca et al., 2003), we also investigated recycling pool size in AP-3-deficient mocha mice. The loss of AP-3 disrupts the synaptic targeting of endogenous (Scheuber et al., 2006) and transfected VAMP7 (data not shown), so we used VGLUT1-pHluorin to assess recycling pool size but found no significant change in mocha mice (46.5% ± 1.2% for mocha versus 48.6% ± 0.9% for control). The loss of AP-3 thus has less effect on recycling pool size than the longin deletion in VAMP7, suggesting that additional factors may contribute, and recent work has indeed implicated AP-1 in synaptic vesicle recycling (Glyvuk et al., 2010; Kim and Ryan, 2009) .
We then tested the role of other sequences in targeting to different populations of synaptic vesicles. VGLUT1 contains two C-terminal polyproline motifs previously shown to interact with endophilin and other proteins (De Gois et al., 2006; Vinatier et al., 2006) , some of which influence the rate of endocytosis (Voglmaier et al., 2006) . We now find that deletion of these C-terminal sequences (VGLUT1-S3) substantially increases the spontaneous release of VGLUT1 ( Figure 7D ). However, the mutation has no effect on the recycling pool size of VGLUT1 ( Figure 7E ), suggesting that the polyproline motifs normally direct VGLUT1 toward a subset of vesicles with low spontaneous release that lies within either the recycling or resting pools.
Deletion of the Longin Domain Enables VAMP7 to Influence Synaptic Vesicle Exocytosis
In addition to its role in trafficking, the longin domain of VAMP7 inhibits SNARE complex formation. Indeed, deletion of the longin domain accelerates neurite extension (Martinez-Arca et al., 2000; Martinez-Arca et al., 2001) , presumably by disinhibiting the function of VAMP7 in membrane insertion. We did not observe an effect of wild-type VAMP7 on synaptic vesicle exocytosis (Figures 3A and 3B ; Figures S6C and S6D ), but deletion of the longin domain increases the rate of spontaneous VAMP7 exocytosis ( Figure 7B ). Changes in trafficking account for some of this effect, but we find that an untagged form of VAMP7-ND acts in trans to increase the spontaneous exocytosis of wild-type VAMP7-pHluorin ( Figure 8A ). The mutant must therefore still target at least in part to the same membranes as wild-type VAMP7 and affect the behavior of these vesicles, not Neuron v-SNARE Composition of Synaptic Vesicle Pools simply trafficking of the reporter. The ND mutant also increases spontaneous release of VAMP2-pHluorin ( Figure 8B ) but has no effect on the spontaneous release of VGLUT1-pHluorin (Figure 8C) , suggesting specificity for a subset of synaptic vesicles. VAMP2 is the dominant v-SNARE for both evoked and spontaneous synaptic vesicle exocytosis, but VAMP7 can form a SNARE complex with syntaxin 1 and SNAP-25 , the dominant t-SNAREs involved in transmitter release. To assess the relative roles of VAMP2 and other v-SNAREs in the exocytosis of different synaptic vesicle pools, we selectively cleaved VAMP2 with tetanus toxin. As anticipated, tetanus toxin blocks the exocytosis of both VGLUT1 and wild-type VAMP7 evoked by stimulation ( Figure 8D ). However, VAMP7-NDpHluorin shows a substantial tetanus toxin-resistant response to stimulation ( Figures 8D and 8E) , suggesting that the ND mutant may itself contribute to evoked release. The increase in spontaneous release due to the ND mutation also persists after cleavage with tetanus toxin (Figure 8F ), suggesting that the tetanus toxin-insensitive VAMP7 contributes to spontaneous as well as evoked release.
DISCUSSION
The results provide direct evidence that synaptic vesicle recycling and resting pools differ in molecular composition. Like VGLUT1 and a number of other synaptic vesicle proteins, VAMP7 undergoes exocytosis in response to stimulation, and with properties very similar to VGLUT1. Conversely, a substantial proportion of VGLUT1 and other vesicle proteins does not respond to stimulation (Fernandez-Alfonso and Ryan, 2008) , similar to VAMP7. VGLUT1, VAMP7, and other synaptic vesicle proteins thus target to both recycling and resting pools. However, we now find that the proportions differ dramatically, with higher levels of VGLUT1 and VAMP2 in the recycling pool and of VAMP7 in the resting pool.
Previous work has suggested that synaptic vesicles undergoing spontaneous release belong to a pool distinct from those responding to stimulation (Chung et al., 2010; Fredj and Burrone, 2009; Sara et al., 2005) . Although this hypothesis has proven controversial (Groemer and Klingauf, 2007; Hua et al., 2010; Wilhelm et al., 2010) , it predicts that the resting pool, which is largely unresponsive to stimulation, may nonetheless undergo spontaneous release. Indeed, we now find that VAMP7, enriched on resting pool vesicles, undergoes a higher rate of spontaneous release than VGLUT1, which is enriched in the recycling pool. The spontaneous release of VAMP7 thus cannot simply reflect the size of the recycling pool and may derive in part from the resting pool. Since the response to spontaneous release of a single vesicle (quantal size) has been used to interpret the response to evoked release, a different origin for the two events would have important implications for synaptic physiology. However, the results do not exclude a role for the recycling pool in spontaneous release. Indeed, the sequential analysis of spontaneous and evoked release at the same boutons shows that spontaneous release can occlude the effect of stimulation, indicating that spontaneous release derives from recycling as well as resting pools.
The apparent lack of response to stimulation raises the possibility that VAMP7 + resting pool vesicles may correspond to a population of membranes other than synaptic vesicles, with heterologous expression resulting in mislocalization to the recycling pool. Previous work has indeed suggested that VAMP7 may localize to only a subset of presynaptic terminals such as hippocampal mossy fibers (Coco et al., 1999; Muzerelle et al., 2003) . However, recent work has demonstrated the localization of VAMP7 to synaptic vesicles (Newell-Litwa et al., 2009) , and a proteomic analysis of purified synaptic vesicles from whole brain also identified VAMP7 (Takamori et al., 2006) . In addition, we confirm the localization of endogenous VAMP7 to presynaptic sites by immunofluorescence and to synaptic vesicles by density gradient fractionation and immunoisolation. Ultrastructural analysis of the VAMP7 + vesicles labeled with lumenal HRP further shows that they exhibit the typical small, round appearance of synaptic vesicles. Morphologically indistinguishable recycling and resting pool vesicles thus exhibit quantitative differences in protein composition. What is the physiological role of the resting pool? Spontaneous release from this pool may contribute to structural changes such as process extension (Martinez-Arca et al., 2000) . Recent work has also implicated spontaneous release in the regulation of synaptic strength (McKinney et al., 1999; Sutton and Schuman, 2006) , suggesting additional roles in development and plasticity. Although the relatively small proportion of VGLUT1 ($40%) localized to the resting pool might suggest that this pool does not subserve transmitter release, we have recently observed that like VAMP7, the vesicular monoamine transporter VMAT2 that fills synaptic vesicles with monoamines also shows preferential localization to the resting pool . The pools may thus be specialized for the release of different transmitters, and the recent evidence for differential release of acetycholine and GABA from retinal starburst amacrine cells is consistent with this possibility . In addition, spontaneous release of synaptic vesicles may contribute to synapse growth (Huntwork and Littleton, 2007) or the endosomal trafficking of receptors and channels.
Preferential localization of VAMP7 to resting rather than recycling synaptic vesicles presumably reflects differences in the formation of different pools. Recycling pool vesicles are generally considered to form through clathrin-and AP2-dependent endocytosis (Di Paolo and De Camilli, 2006; Granseth et al., 2006; Kim and Ryan, 2009) , whereas resting pool vesicles may use a distinct mechanism, perhaps involving AP-3 (Voglmaier and Edwards, 2007) or AP-1 (Glyvuk et al., 2010; Kim and Ryan, 2009 ). Indeed, we chose VAMP7 for these experiments due to its dependence on AP-3 (Scheuber et al., 2006) . Consistent with a distinct endocytic pathway, we find that VAMP7 undergoes endocytosis much more slowly than other synaptic vesicle proteins, and previous work has shown that vesicles internalized after stimulation may respond more slowly to repeat stimulation (Richards et al., 2000; Richards et al., 2003) . However, a delay in endocytosis may reflect inefficient targeting to an endocytic pathway as well as an intrinsically slow pathway. On the other hand, deletion of the longin domain, which interacts with AP-3, redistributes VAMP7 toward the recycling pool. The interaction of AP-3 with the longin domain thus targets VAMP7 to the resting pool of synaptic vesicles. We also find that deletion (E) Normalized to recycling pool in the absence of tetanus toxin, the proportion of TeNT-resistant evoked release is increased for the ND mutant.
(F) Even after treatment with TeNT, VAMP7-ND-pHluorin still exhibits a higher rate of spontaneous release than wild-type VAMP7-pHluorin. n = 6 coverslips containing 248-366 boutons per condition; *p < 0.05, **p < 0.01, ***p < 0.001, and bars indicate mean ± SEM.
of the polyproline motifs at the C terminus of VGLUT1 increases spontaneous exocytosis of the transporter, indicating a role for these sequences in targeting to a subset of synaptic vesicles with low rates of spontaneous release. Spontaneous recycling of VAMP7 also depends on actin, in striking contrast to evoked release (Holt et al., 2004; Sankaranarayanan et al., 2003) . Different endocytic mechanisms thus appear to account for the targeting of synaptic vesicle proteins to different pools. Since VAMP2 and VAMP7 differ in the properties of release and belong to the family of v-SNAREs involved in membrane fusion, we further tested the possibility that like VAMP2, VAMP7 might contribute to the behavior of synaptic vesicles. Although overexpression of wild-type VAMP7 has no obvious effect on synaptic vesicle exocytosis, deleting the autoinhibitory N-terminal longin domain alone increases the spontaneous release of VAMP7 2-to 3-fold, and this mutation affects the behavior of vesicles containing wild-type VAMP7, not simply trafficking of the VAMP7-ND reporter itself. The longin domain deletion also increases spontaneous release of VAMP7 after cleavage of VAMP2 with tetanus toxin, indicating that VAMP7 can support spontaneous release even in the absence of VAMP2. Further, the ND mutant increases evoked release even in the presence of tetanus toxin, indicating that mutant VAMP7 can also mediate the exocytosis of recycling pool vesicles in response to stimulation. When disinhibited by removal of the longin domain, VAMP7 thus has the potential to influence synaptic vesicle exocytosis. Interestingly, mocha mice show changes in asynchronous and spontaneous release, possibly due to the loss of VAMP7 (Scheuber et al., 2006) .
Although differences in protein composition presumably contribute to the differences in behavior of synaptic vesicle pools, it seems unlikely that v-SNAREs are alone responsible. The differential targeting of other synaptic vesicle proteins such as the calcium sensor synaptotagmin family (Maximov et al., 2007; Xu et al., 2009 ) presumably contribute to the difference between pools. Recent work has indeed implicated the related calcium-sensitive C2 domain protein DOC2 specifically in spontaneous rather than evoked release (Groffen et al., 2010) , although DOC2 is a soluble protein and its relationship to different vesicle pools remains unclear. By demonstrating that different synaptic vesicle pools contain different proteins, our work now provides a framework for considering their individual contribution to the behavior of these pools and the role of these pools in synapse development, function, and plasticity.
EXPERIMENTAL PROCEDURES
Cell Culture and Immunofluorescence Hippocampal neurons were isolated from day 20 rat embryos (E20) following guidelines approved by the UCSF IACUC, transfected by electroporation (Amaxa), and cultured as previously described (Li et al., 2005) . Fixed cells were immunostained using antibodies to SV2 (gift of R. Kelly), VAMP2 (Synaptic Systems), DsRed (Clontech), VGLUT1 (Chemicon), GAD65 (Abcam), and VGAT (Chaudhry et al., 1998) at dilutions of 1:1000-2000 (Tan et al., 1998) . A rabbit anti-VAMP7 antibody (gift of A. Peden) and a mouse anti-VAMP7 antibody (gift of V. Faundez) were used at a dilution of 1:50-100. Cy3, Cy5-conjugated secondary antibodies (Jackson ImmunoResearch) and Alexa 488-conjugated secondary antibodies (Invitrogen) were used at a dilution of 1:1000. To assess colocalization, regions of interest (ROIs) were selected in one fluorescence channel, overlaid with images from a second channel, and fluorescence in the second channel that exceeds a threshold value used to judge colocalization.
Molecular Biology VAMP7 sequences were amplified by PCR from rat brain cDNA, fused at the 3 0 end of the open reading frame to the sequence encoding superecliptic pHluorin, then subcloned into the pCAGGS expression vector (Voglmaier et al., 2006) . The mCherry cDNA (Shaner et al., 2004 ) was ligated to the 5 0 end of the synaptophysin cDNA to generate an mCherry-synaptophysin fusion protein. VGLUT1-pHluorin (Voglmaier et al., 2006) , VAMP2-pHluorin (Sankaranarayanan and Ryan, 2000) , and VAMP7-pHluorin were then inserted upstream of an internal ribosome entry sequence (IRES2, Clontech) driving the translation of mCherry-synaptophysin. Sequences encoding amino acids 1-101 were deleted from VAMP7 to create VAMP7-ND. VAMP2-HRP was described before (Leal-Ortiz et al., 2008) , and VAMP7-HRP was generated by replacing VAMP2 sequence with VAMP7. A 10 aa sequence containing an HA epitope tag was inserted at the C terminus of VAMP7 to generate VAMP7-HA.
Imaging
Transfected neurons were imaged at 12-14 days in vitro (DIV) as previously described (Nemani et al., 2010; Voglmaier et al., 2006) . pHluorin was imaged with 492/18 nm excitation and 535/30 nm emission filters. mCherry was imaged with 580/20 nm excitation and 630/60 nm emission filters. Images in both channels were collected every 3 s in experiments involving stimulation and every 15 s for the measurement of spontaneous release, with no evidence of focus drift (data not shown). Neurons were imaged in standard Tyrode's solution (in mM: 119 NaCl, 2.5 KCl, 2 MgCl 2 , 30 glucose and 25 HEPES, pH 7.4) with 2 mM CaCl 2 unless otherwise indicated. Low pH buffer (in mM: 119 NaCl, 2.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 30 glucose, 25 MES, pH 5.5) was used to quench surface pHluorin fluorescence, and NH 4 Cl buffer (in mM: 69 NaCl, 2.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 50 NH 4 Cl, 30 glucose, 25 HEPES, pH 7.4) was used to reveal total pHluorin fluorescence. Glutamate receptor antagonists 6-cyano-7 nitroquinoxaline-2,3-dione (CNQX) (10 mM) and D,L-2-amino-5-phosphonovaleric acid (APV) (50 mM) were included in the Tyrode's solution during the experiments involving stimulation. Tetrodotoxin (TTX) (0.5 mM) was used for measurements of spontaneous release. Bafilomycin (0.6 mM), folimycin (0.6 mM), and latrunculin A (5 mM) were diluted from 10003 stock solutions in DMSO. Tetanus toxin (10 nM) was incubated with neurons for 16-18 hr to cleave VAMP2. BAPTA-AM (10 mM) was incubated with neurons for 1 hr to chelate intracellular calcium.
HA Antibody Labeling
Hippocampal neurons cotransfected with syp-mCherry and either VGLUT1-HA or VAMP7-HA were incubated with HA.11 antibody (Covance) at 1:100 dilution in Tyrode's solution for 5 min. Cells were then washed in Tyrode's solution and incubated in Alexa 488-labeled HA.11 at a dilution of 1:100 for either 2 min without stimulation (control), 2 min with 10 Hz stimulation (evoked), or 20 min without stimulation (spontaneous)-the unstimulated conditions were also maintained in 0.5 mM TTX. Cells were fixed with 4% PFA for 20 min, permeabilized with 0.02% saponin for 20 min, and stained with HA.11 (1:200) and Alexa-635 conjugated goat anti-mouse (1:500). The fluorescence of Alexa 488 and 635 was measured for boutons expressing syp-mCherry, and the ratio was used to assess stimulated and spontaneous exocytosis.
Data Analysis
Regions enclosing entire synaptic boutons were selected using syp-mCherry. In most experiments, fluorescence was normalized to the total intracellular fluorescence (in NH 4 Cl), which was determined as F NH4Cl À F initial . pH and surface percentage were determined as previously described (Mitchell and Ryan, 2004) . Briefly, VGLUT1-or VAMP7-pHluorin fluorescence at individual boutons was measured in regular Tyrode's solution, Tyrode's solution buffered to pH 5.5 (with MES), and Tyrode's containing 50 mM NH 4 Cl. The pH and surface fraction were calculated according to the formulas previously described (Mitchell and Ryan, 2004) , assuming the pHluorin pK $7.1 (Miesenbö ck et al., 1998; . To determine the kinetics of exo-and endocytosis with 10 Hz stimulation, the change in fluorescence was normalized to the maximum change in fluorescence during stimulation (F poststim À F prestim ). Endocytosis kinetics were fit to a single-exponential decay (F = F plateau + F span d e Àkt ). Exocytosis kinetics were fit to a single-exponential
. Spontaneous release was determined by subtracting the rate of fluorescence change before folimycin from the increase in fluorescence after addition of folimycin and was normalized to total intracellular fluorescence: (K postfoli À K prefoli )/F internal where K = slope (fluorescence change/ time). All of the data indicate mean ± SEM, with sample number (n) referring to either coverslip or bouton number, as indicated, and nested ANOVAs used to compare groups of data containing the indicated coverslip numbers. *p < 0.05, **p < 0.01, and ***p < 0.001.
Electron Microscopy
Hippocampal neurons were transfected with VAMP2-or VAMP7-HRP as described above. Cells were fixed at 14 DIV with 2.5% glutaraldehyde in 0.15M cacodylate buffer, and samples were processed for EM as described previously (Leal-Ortiz et al., 2008) . All sample processing and EM was performed in the Cell Sciences Imaging Facility at Stanford University.
Biochemistry
Synaptic vesicles were purified as described before (Clift-O'Grady et al., 1990) . Cultured hippocampal neurons were harvested and lysed by homogenization in buffer A (in mM: 150 NaCl, 1 EGTA, 0.1 MgCl 2 , 10 HEPES, pH 7.4). The lysate was sedimented at 10,000 g d min, followed by 1,000,000 g d min, and the supernatant separated by velocity sedimentation through 5%-25% glycerol at 220,000 g for 75 min, or by equilibrium sedimentation through 10%-50% sucrose at 280,000 g for 16 hr. The fractions were then immunoblotted with antibodies to synaptophysin (1:2000) and VAMP7 (1:200). For immunoisolation, cortex from 6-week-old Spague-Dawley rats were dissected and homogenized in buffer A. The lysate was sedimented first at 30,000 g d min, then 1,000,000 g d min. Rabbit anti-VGLUT1 serum or control rabbit serum was crosslinked to Dynal M280 (Invitrogen) magnetic beads, and the beads blocked with 5% BSA in buffer A before incubating with brain lysate. Synaptic vesicles bound to the beads were eluted with SDS sample buffer and subjected to SDS-PAGE followed by immunoblotting with antibodies to VGLUT1 (Chemicon), SV2, synaptophysin, and VAMP7 at 1:400-2000.
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